Six short G-rich intergenic regions in the maxicircle of Leishmania tarentolae are conserved in location and polarity in two other kinetoplastid species. We show here that G-rich region 6 (G6) represents a pan-edited cryptogene which contains at least two domains edited independently in a 3'-to-5' manner connected by short unedited regions. In the completely edited RNA, 117 uridines are added at 49 sites and 32 uridines are deleted at 13 sites, creating a translated 85-amino-acid polypeptide. Similar polypeptides are probably encoded by pan-edited G6 transcripts in two other species. The G6 polypeptide has significant sequence similarity to the family of S12 ribosomal proteins. A minicircle-encoded gRNA overlaps 12 editing sites in G6 mRNA, and chimeric gRNA/mRNA molecules were shown to exist, in agreement with the transesterification model for editing.
editing.
The mRNA transcripts of several mitochondrial genes in kinetoplastid protozoa are modified by a novel posttranscriptional process known as RNA editing, in which uridine residues are added to and occasionally deleted from coding regions (2, 3, 44, 48, 52) . RNA editing, in effect, is a mechanism to decipher the primary transcripts of the six known cryptogenes-cytochrome b, cytochrome oxidase subunits II and III (COII and COIII), NADH dehydrogenase subunit 7 (ND7), and unidentified reading frames 2 (MURF2) and 4 (MURF4)-in such a way that functional translation products can be obtained by the mitochondrial translation system. However, the mitochondrial genomic information content of kinetoplastids is still somewhat limited compared with that found in other eukaryotic cells such as yeast and human cells: no F,F0 ATPase subunit genes and no mitochondrial tRNA genes (16, 40) have been identified in the maxicircle genome. Identification of the MURF4 sequence as subunit 6 of the F, ATPase has been suggested (4) , but the alignments with known ATPase subunit 6 sequences are not statistically significant (45) .
Extensive or pan-editing of the ND7, COIII, and MURF4 maxicircle cryptogenes is limited to Trypanosoma brucei (4, 11, 22) . In Leishmania tarentolae and Crithidia fasciculata (48) , the ND7 mRNA is both 5' edited and internally edited, and the MURF4 mRNA is pan-edited only in the 5' portion (4) . Originally it seemed that pan-editing was limited to the African trypanosomes. However, on the basis of the distinctive G+A-rich character of the preedited regions of known cryptogenes, Simpson and Shaw (48) hypothesized that six short G-rich maxicircle intergenic regions which were conserved in relative location and polarity, but not in sequence, in L. tarentolae, T. brucei and C. fasciculata actually represented pan-edited cryptogenes encoding additional mitochondrial genetic information. Heterogeneously sized transcripts from these regions had previously been identified in T. brucei (18) .
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Nucleotides corresponding to U residues added by editing are given in lowercase. Nonencoded restriction sites in S-362, S-363, S-395, and S-452 are indicated by parentheses.
PCR amplification and cDNA cloning. RNA was amplified from purified kRNA by reverse transcription followed by PCR. One to two micrograms of kRNA and 0.1 to 0.5 ,ug of 3' primer were annealed in 50 mM KCI-10 mM Tris-HCI (pH 8.8)-5 mM MgCI2-1 mM dithiothreitol at 60°C for 2 min and then at 50°C for 1 min. Single-stranded cDNA was synthesized at 37°C for 20 min with 5 U of avian myeloblastosis virus reverse transcriptase in the presence of 2.5 mM each of four deoxynucleoside triphosphates. After addition of the 5' primer and Taq polymerase, 30 PCR cycles were performed in a Thermal Cycler (Perkin Elmer/Cetus), with each cycle composed of 15 s at 94°C, 2 min at 40°C, and 2 min at 72°C.
PCR products were ligated to pCR1000 vector DNA and transformed into INV1(ot)F' competent Escherichia coli cells, using the TA cloning kit (Invitrogen Corp.). Transformants with G6-specific inserts were selected by colony hybridization, using the labeled 5' primer as a probe. Primers were labeled with T4 polynucleotide kinase (Bethesda Research Laboratories) and [_y-32P]ATP (>7,000 Ci/mmol; ICN). Clones with amplified chimeric gRNA154/G6 RNA were sequenced at random.
DNA sequencing. Plasmid DNA was isolated from individual transformants by a boiling minilysate method. Doublestranded DNA sequencing was performed by using the Sequenase version 2.0 DNA sequencing kit (United States Biochemical) by the protocol involving T7 sequencing primer extension labeling in the presence of [c_-32P]dATP (800 Ci/mmol; NEN) and resolution on 6% acrylamide-8 M urea gels.
Northern (RNA) blot analysis. kRNA (5 pRg) was electrophoresed in a 1.8% formaldehyde-agarose gel as described previously (6, 39) . Gels were blotted onto nylon filters (Micron Separations, Inc.) and cross-linked by UV irradiation (Stratagene). Blots were hybridized with kinased oligonucleotide probes (specific activity, 107 to 108 cpm/,4g).
Conditions of hybridization and washes in tetramethylammonium chloride were as described previously (39, 59) .
Primer extension analysis of RNA. kRNA (3 to 5 ,ug) and an end-labeled oligonucleotide (50 to 500 ng) were sequentially annealed at 65, 42, and 20°C for 5 min at each temperature. A set of elongation-termination reactions was performed, using 15 U of avian myeloblastosis virus reverse transcriptase per annealing reaction at 42°C for 30 min in the presence of dideoxynucleoside triphosphates (39) . Extension products were analyzed on sequencing gels.
Computer analysis. Analysis of nucleic acid and protein sequences was performed on the UCLA Life Sciences VAX computer, using the University of Wisconsin Genetics Computer Group program package and the Los Alamos SEQDP program for determining statistical significance of alignments and on an IBM personal computer using the PC/GENE software package (Intelligenetics). Hydropathy analysis was performed in PC/GENE using Kyte-Doolittle (24) hydropathy values for amino acids.
Nucleotide sequence accession number. The sequence of the fully edited G6 mRNA is deposited in GenBank under accession number M74225. To facilitate the juxtaposition of the corresponding regions from both sequences, they are shown as being of equal length. Thin and thick arrows represent unedited and edited sequence-specific oligonucleotides, respectively. The directions of arrows correspond to the 5'-3' polarity.
RESULTS

Sequences
was used (1, 9, 52) . Partially edited RNAs were obtained by PCR amplification of total mitochondrial RNA, using a 3' oligo(dT) primer (S-395) which would hybridize to the poly(A) [or poly(AU)] tail and a 5' genomic sequence primer (S-362). The deduced edited consensus sequences were used for synthesis of primers for direct sequence analysis of mature edited mRNA. As shown in Fig. 1 , the 5' primer sequence was located at the 5' side of the G6 region within the putative preedited region, and therefore PCR amplification should select for 3'-edited, 5'-unedited transcripts.
The PCR products were cloned, and colony hybridization was performed with the S-362 oligonucleotide. Positive clones were then size selected for the presence of inserts larger than 200 bp, and 26 clones were obtained and sequenced. The sequences are shown in three groups in Fig.  2A and B and diagrammatically in Fig. 2C .
One clone ( Fig. 2A , clone 1) corresponded to unedited G6 sequence. Twenty clones in this group (clones 2 to 21) had a partial distribution of editing events with an overall 3'-to-5' progression. To better visualize the 3'-to-5' polarity of editing, the correctly edited regions are indicated by shadowing in Fig. 2A and B and by open boxes in Fig. 2C . Edited sequences at the 3' ends of these clones showed perfect consistency, thereby allowing the deduction of a reliable consensus for the fully edited sequence in this region. In eight clones (clones 2, 11, 13, 14, 16, 19, 20, and 21) , a portion of edited sequence was found which either differed from the consensus or contained unexpected (54) editing events which deviated from the strictly unidirectional 3'-to-5' process. These deviations occurred in the junction regions between the correctly edited and the unedited portions of the sequences; they are underlined in Fig. 2A and B and diagrammed as thick black lines in Fig. 2C .
Three clones (clones 22 to 24) contained short, almost identical blocks of the correctly edited sequence in their 5' portions ( Fig. 2C, open boxes) . Clones 23 and 24 also contained extended edited regions in their 3' portions encompassing more than half the length of the molecule. Such an alternation of edited and unedited sequences is consistent with the existence of two separate domains of editing, as was shown previously to occur in the pan-edited ND7 gene of T. brucei (22) . Within each domain, the pattern of editing corresponded to that observed in the first group of clones. Junction regions with unexpected edited sequences were seen at the 5' ends of these clones. Further evidence for the presence of two separate domains of editing will be presented below. edited and unedited sequences. In both clones, however, correct editing has occurred at the 3' ends.
Heterogeneity of polyadenylation sites in partially edited G6 transcripts. As shown in Fig. 3 A uridines on the 3' end of a messenger prior to the polyadeEdited sequence at the 3' end was confirmed using the S-363 nylation might not be a universal feature.
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primer, which anneals downstream of the first editing site G6 is a pan-edited cryptogene. To determine the mature (Fig. 1 ). This primer should hybridize with all G6 transcripts, edited mRNA sequence, G6 RNA was sequenced directly.
unedited, edited, or partially edited. The mature edited G6 sequence was observed, indicating that the mature edited RNA is the most abundant G6 species. Edited sequence- polypeptide. The N-terminal portion is common with the 85-amino-acid polypeptide. (C) Possible evolutionary conservation of G6 85-amino-acid polypeptide in three kinetoplastid species. Genomic sequences of the G6 regions from L. tarentolae (Lt), C. oncopelti (Co) (17, 27-29) (GenBank accession number X56015), and T. brucei (Tb) with encoded U residues deleted were aligned, using the known occurrence of U residues in the edited L. tarentolae sequence as explained in the text. Beneath the nucleotide sequences are shown the putative translated amino acid sequences for the edited RNAs from each species. Matches in all three sequences are boxed, and conservative amino acid substitutions are shadowed. The pairwise similarity scores (including conservative replacements) are 82% for Lt versus Co and 84% for Lt versus Tb.
edited mRNA species or that only the N-terminal portion is functional and conserved in sequence and the C-terminal portion is diverged between species.
The G6 protein has sequence similarity with the family of RPS12. PROFILE analysis (13), using the G6 amino acid sequence from L. tarentolae aligned with the two putative G6 amino acid sequences from C. oncopelti and T. brucei, gave several possible significant sequence similarities. RPS12 from several organisms represented 18 of the top 100 hits.
The significance of pairwise alignments of the G6 protein with known RPS12 was measured by performing Monte The hydropathy profile of the G6 protein is compared with representative profiles of RPS12 in Fig. 8 . The conserved regions shown in the multiple alignment are boxed, and regions I and II are indicated by underlining. The RPS12 patterns show a clear similarity to each other. The G6 pattern is also quite similar to the RPS12 patterns, with the exception of the substitution of a hydrophobic peak for a hydrophilic dip between regions I and II.
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Multiple sequence alignment of RPS12 from several species with the G6 protein from L. tarentolae. The alignments were performed by using CLUSTAL and BESTFIT (University of Wisconsin Genetics Computer Group). Gaps are indicated by dashes. Regions conserved relative to the G6 sequence in terms of matches or conservative changes are boxed. I and II refer to the regions which are involved in determining streptomycin resistance and dependence in several known RPS12. The amino acid numbers on the right refer to individual proteins. Abbreviations and references: kLt, kinetoplast L. tarentolae; cCr, chloroplast Chlamydomonas reinhardtii (26); cEg, chloroplast Euglena gracilis (31); cMp, chloroplast Marchantia polymorpha (34); cCp, cyanelle (chloroplast) Cyanophora paradoxa (23); Ec, E. coli (37); Ml, Micrococcus luteus (33); mPt, mitochondrial P. tetraurelia (38) ; mZm, mitochondrial Z. mays (15) .
protein represents a diverged homolog of the RPS12 family which lacks the N-terminal and C-terminal regions. 26'l C**ww w||wBw|le||||ww|wl Wllz|B wlwwwWw|w 26-46 66 a Northern blot using two different unedited oligonucleotide probes (Fig. 9) . The S-454-specific band was consistently broader and stronger, probably reflecting the contribution of a heterogeneous population of intermediates partially edited in the 3' domain. this band is probably due to the presence of partially edited RNAs in addition to the mature species. The higher-molecular-weight band probably consists solely of mature edited RNA, since the S-454 probe, which could detect partially edited RNAs, did not hybridize with this band. As shown by Bhat et al. (5) for the MURF4 gene of L. tarentolae, the major cause of the size difference between the two classes of transcripts is probably the length of the poly(A) or poly(AU) tail, but this was not examined in the case of the G6 RNAs.
Involvement of a minicircle-encoded gRNA in editing of the G6 transcript. A portion of the G6 editing information could be provided by the Lt154 minicircle-encoded gRNA (55) (Fig. 10A) . Assuming that edited sites 21 to 23 serve as a 3' anchor, this gRNA could mediate the addition of 23 U residues in nine sites beginning at site 24 (Fig. 2) . This gRNA was shown previously to encode the editing information for an unexpected partially edited COIII RNA (55) .
The chimeric Lt154 gRNA/G6 mRNA molecules predicted by the transesterification model for RNA editing (6) were amplified from kRNA, using S-363 as a G6-specific 3' primer and S-397 as a gRNA 154-specific 5' primer. All three chimerics obtained were joined at editing site 24 with oligo(U) tails of one, six, and nine U's in length (Fig. 10B) . Sequence 1 had a deletion of the gRNA similar to that reported previously in ND7 chimeric amplifications (7) . All mRNA editing sites 3' of the site of chimeric junction were mature.
DISCUSSION
The demonstration that the G6 transcript is pan-edited to produce a mature mRNA that encodes a homolog of RPS12 suggests that the other five G-rich regions (48) may also be 26 25 (21) , by nuclear rRNA alignments (12, 50) , and by the presence of trans-splicing of nuclear-encoded mRNAs in both lineages (56) .
Editing of the G6 transcripts occurs in a 3'-to-5' manner in two or three editing domains. The overall regulation of editing in the different domains remains to be explained. The first example of a pan-edited gene with separately edited domains was the ND7 gene of T. brucei (22) (54) , acts as a functional gRNA for the G6 mRNA is strong evidence for the generation of at least some unexpected junction region patterns by the misguiding model. In addition, some indirect evidence in favor of the existence of misguiding gRNAs can be obtained by an analysis of the junction regions in the G6 partially edited clones 20 to 24 in Fig. 2 . In all of these cases, deletions in sites 48, 50, and 52 were carried out correctly, while no additions occurred in sites 47, 49, and 51. The existence of the same complex pattern in five different clones is not consistent with a random process but could be explained by participation of a deletion-specific gRNA. This putative gRNA may actually guide an initial step in the editing of this region and be followed by U-addition editing of the same region, or it may represent a misguiding gRNA.
The existence of a delay in completion of editing of the 5' domain in the L. tarentolae G6 mRNA until the 3' domain is edited is indicated by the sequences of clones 22, 23, and 24 in Fig. 2 . The edited and unexpected partially edited sequences in the 5' domains of these clones show a striking similarity, whereas the extent of editing in the 3' domains differs significantly. A similar situation was described for three editing intermediates of the ND7 gene in T. brucei (22) . The temporal delay could be related to the action of misguiding gRNAs and the subsequent 3' correction of the resulting pattern with the correct gRNA.
The total genomic gRNA content in L. tarentolae is still unknown. To date, eight maxicircle-encoded gRNAs have been identified (6, 53) and 17 different minicircle sequences classes have been cloned (20, 30) , yielding a subtotal of 25 different gRNAs. We estimate that eight gRNAs would be required for complete editing of the G6 transcript and an additional 40 to 45 gRNAs for transcripts from the remaining five G-rich regions. A single minicircle-encoded gRNA that overlaps 12 editing sites in the G6 mRNA has been identified. To date, all identified gRNAs for pan-edited genes in T. brucei and L. tarentolae are minicircle DNA encoded (4, 22, 35, 36, 55) . This number of gRNA genes could easily be within the coding capacity of the complex minicircle DNA in T. brucei (43, 44) but would appear to exceed the minicircle coding capacity in L. tarentolae (20, 32, 58) . Possible explanations include the presence of additional minicircle minor sequence classes, the possible existence of microsequence heterogeneity of minicircle DNA in L. tarentolae perhaps limited to the gRNA region, or the possibility that G-rich regions 1 to 5 in L. tarentolae may no longer be functional due to the extended period of time that this organism has been maintained in culture and that gRNAs for these regions may no longer be required. Another theoretical possibility is an importation of gRNAs which may be encoded in the nucleus. In regard to the misediting-misguiding hypothesis for the generation of unexpected editing patterns, the number of gRNAs required does not correspond to the number of patterns, since one gRNA could mediate multiple unexpected editing patterns by forming false anchors in different regions. In addition, by looping out just upstream of the correct anchor, the gRNA could form a secondary anchor and create an unexpected pattern by editing the wrong positions. It remains to be seen, however, whether there are sufficient gRNAs to account for all the observed expected and unexpected editing patterns or whether an imprecision in the editing process (10) is responsible for some of these patterns. This is still an open question until the total genomic gRNA content is well defined.
The G6-RPS12 cryptogene system represents a useful experimental model for a detailed analysis of the precise VOL. 12, 1992 scenario of RNA maturation events involved in pan-editing in general.
